SuMmARY We have evaluated an intracardiac technique for the study of the electrophysiological patterns of early or subendocardial ischaemia in man. Simultaneous recordings of the paced endocardial evoked response and monophasic action potentials were obtained during pacing stress testing in 10 patients with reversible myocardial ischaemia. Early patterns of change occurred in both these recordings in response to regional ischaemia. Abnormal rate corrected shortening of the local repolarisation time in the paced endocardial evoked response from the left ventricular ischaemic zone diverging from control non-ischaemic values by a mean of 10*6% was paralleled by decreases in the simultaneous paced monophasic action potentials duration. A differential delay in the local activation time and conduction was also documented by the paced endocardial evoked response and monophasic action potential electrodes. Non-ischaemic control zones showed no changes in the pattern of activation and repolarisation. Disparate repolanrsation times and asynchronous activation within the myocardium were thus consistently demonstrated during regional ischaemia. These changes in the endocardial paced evoked response and monophasic action potentials always preceded the appearance and regression of the clinical ischaemia.
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Intracavitary recordings may thus provide earlier and more sensitive detection of regional ischaemia during cardiac catheterisation or coronary artery surgery. The study of the patterns of activation and response could permit the assessment of interventions on the early electrical changes of ischaemia, and may bridge the gap between in vitro studies and the electrophysiological studies performed upon the intact heart.
The acquisition of electrophysiological data during early ischaemia in the human heart is limited by the recording techniques available at present. Because the initial electrical changes are confined to a small region of the endocardium,' 2 All medications except nitrates were discontinued 48 hours before the cardiac catheterisation procedure which included routine left ventriculography and coronary arteriography. Most of the patients were sedated with diazepam; all gave informed consent to the study.
The pacing stress test and the intracavitary recordings were obtained after the angiographic study had been completed.
A silicone rubber cardiac catheter incorporating three electrodes has been devised which permits the simultaneous recordings of the paced endocardial evoked response and monophasic action potentials from the human heart. This catheter* was manipulated into either ventricle using at times the long sheath technique; a flexible guide wire in its central core facilitated positioning of the catheter (Fig. 1 (Fig. 2) . By using the same electrode for pacing and sensing, the system can record the local repolarisation after a controlled (paced) depolarisation. The incorporation of a peak detector with an adjustable sensing window into the pacemaker permits measurement of the interval between the applied stimulus and the peak of the evoked T wave automatically on a beat to beat basis. The stimulus to peak T wave interval at each paced rate was taken as the average of 30 consecutive cycles after subtracting the 100 ms imposed by the detection system (Fig. 2) . The distance between the pacing stimulus and the nadir of the negative QRS was deemed to represent activation time, while that between the stimulus and peak of the T wave provides a measurement of the local repolarisation time, which is normally independent of pacing site and decreases during rapid pacing by approximately 1 ms/beat increment in rate. (Fig. 3) . Duration of monophasic action potentials was measured at 90% repolarisation time (Fig. 3) .10 Changes in the interval between the pacing stimulus and the onset of mono- phasic action potential upstroke were considered to represent changes in local conduction time.
RECORDINGS OF MONOPHASIC ACTION

PROCEDURE
One catheter containing both the paced endocardial evoked response and monophasic action potential recording elements was positioned under biplane fluoroscopic control in the potentially ischaemic zone in the left ventricle and the other in a "normal" zone of the right heart not affected by myocardial ischaemia. The normal non-ischaemic zone was located in the apex of the right ventricle in all but two cases. The intracardiac electrograms from the nonischaemic zone and from the potentially ischaemic zones were recorded alternately at paper speeds of 100 and 200 (or 250) mm/s along with three selected electrocardiographic leads and the electronic peak detector using either an 8 channel ink-jet recorder (Siemens-Elema Mingograph 82) or an 8 channel heatsensitive recorder (Devices Instruments Limited model M19). The heart was stressed by ventricular pacing at progressively faster rates starting at 80 beats a minute and increasing the rate by 10 beats a minute every two minutes till the onset of angina or electrocardiographic evidence of ischaemia (Fig. 4) up to a maximal rate of 140 beats a minute. Either ventricle could be paced at any time (Fig. 4) The data obtained by both paced endocardial evoked response and monophasic action potential recordings from the non-ischaemic and ischaemic sites at identical paced cycle lengths were compared using paired t statistics.
Results
Changes (expressed as a percentage of the initial values) in the duration of the local repolarisation as evaluated by the paced endocardial evoked response from the right ventricular non-ischaemic zone and from the left ventricular ischaemic zone during the pacing stress test are shown in Fig. 5 , which also superimposes the expected rate-dependent range of the paced endocardial evoked response as documented from both ventricles in seven normal subjects. The rate adjusted paced endocardial evoked response from the non-ischaemic zone remained within the normal range throughout the study and these values from the right ventricle during clinical ischaemia (mean 261-2± 17 ms) were used as "control" measurements (Table) . The mean duration of the paced endocardial evoked response recorded at angina from the left ventricular ischaemic zone (mean 233*2±18*4 ms) differed significantly (p<0-OO1) from these control measurements (Table) . The readings from the two areas of the heart diverged for a time before the onset of angina, and local repolarisation in the left ventricular ischaemic zone was shortened dur- 
Intracardiac electrode detection of early ischaemia in man simultaneous monophasic action potential from the ischaemic zone averaged 229.2±12.8 ms (p<O0OO1) during ischaemia (Table) . This monophasic action potential shortening paralleled the shortening of the simultaneous paced endocardial evoked response (Table and Fig. 7) . Analysis of the tracings obtained from the ischaemic zone also showed that the shortening of the monophasic action potential repolarisation time and amplitude were overt at lower paced rates than those required tu produce clinical or electrocardiographic evidence of ischaemia.
The local conduction time in the ischaemic zone was prolonged at the end point of the study from 25.9±4.85 in the non-ischaemic zone to 34±8 ms in the ischaemic zone (Table) . Because the ischaemic zone was activated with delay, repolarisation of the ischaemic area did not always terminate much earlier than the repolarisation of the non-ischaemic areas, even though the latter had longer refractory periods (Fig. 9) .
After recovery from the initial study continuous paced endocardial evoked response and monophasic action potential recordings were obtained in four patients while pacing at the predetermined threshold rate for angina; in these fixed rate studies, significant changes in repolarisation time preceded clinical evidence of ischaemia by a mean of two-and-a-half minutes (Fig. 8) . 
Discussion
The localised ionic and electrical changes that occur during the early phases of regional ischaemia lead to a decrease in the resting membrane potential, shortening of action potential duration, and delay in local conduction.25 These changes influence the development of the ventricular arrhythmias of the early phase of ischaemia5 1112; abnormally enhanced automaticity and delayed after-depolarisation may also play a role in this context.
There is need for an electrophysiological technique to detect and monitor the early electrical changes that could be applicable in the clinical setting. Because the initial ischaemic injury occurs first in the subendocardium,3 14 intracavitary recordings should provide sensitive indices of regional ischaemia. It should be emphasised, however, that all extracellular electrode recordings reflect the average effects of many cells with disparate repolarisation and refractory times and are thus prone to some inadequacies, and that the ability to localise a catheter in the left ventricle is limited to a fairly large area.'5 Recent work on the slow adaptation phase of repolarisation time to rapid changes in cycle length'617 suggests that perhaps longer pacing periods at each of the different cycle lengths might be required for greater accuracy.
The present investigation was undertaken to determine if clinically applicable intracardiac electrodes could reliably detect and monitor the early electrophysiological changes of ischaemia in man. The paced endocardial evoked response system has the advantage of clinical simplicity requiring only a conventional pacing electrode lead. As the same lead is used for pacing and sensing, it is possible to record the pacing induced depolarisation and the evoked T wave which represents the dominantly local repolarisation which follows from the same site.9 Both QRS and T wave durations are shorter than those observed in the simultaneous electrocardiogram (Fig. 2) The abnormal shortening of the local repolarisation time in the pacing evoked endocardial response from the ischaemic zone ( Fig. 5 and 6 ) was closely followed by divergent decreases in duration of the simultaneous paced monophasic action potentials from controls (Table and Fig . 7) . The average rate corrected shortening of the local repolarisation time in the ischaemic area was 10*4% (27 ms). A decrease of more than 5% (95% confidence limits) of the repolarisation as evaluated by either method should thus enable the diagnosis of subclinical or early ischaemia (Fig. 5, 6 , and 8). This decrease in the repolarisation time is probably partially related to the severity of the ischaemia19 and was much more pronounced in the two patients in whom T wave inversion documented electrocardiographically during angina.
The intracavitary recordings appear to be very sensitive in detecting ischaemia. Abnormal shortening of the paced endocardial evoked response and changes in amplitude and duration in the monophasic action potential tracings from the ischaemic left ventricular zone preceded the symptoms and electrocardiographic abnormalities. Thus, pacing evoked endocardial response shortening occurred at rates up to 20 beats/min lower than those required to induce clinical or electrocardiographic evidence of ischaemia, and preceded the latter by up to five minutes (Fig. 6) . Changes in monophasic action potential duration and amplitude also preceded clinical ischaemia, even during pacing at the threshold rate (Fig. 8) .
A progressive delay in the local activation time during angina (average 4 ms) was documented by the paced endocardial evoked response from the ischaemic zone. The measurement of activation time during angina by this method is, however, prone to inaccuracies because of the fragmentation of the myocardial activation which is sometimes seen (Fig.  7) . The monophasic action potential tracings from the ischaemic area recorded a mean 8 ms delay in the local conduction time (Table) . Non-ischaemic areas showed no changes in the pattern of activation and repolarisation (Fig. 9) as evaluated by these intracavitary electrodes. These ischaemic changes in local activation, conduction, and repolarisation reversed rapidly; recovery of the ability of cells to generate action potentials with amplitude and duration equivalent to the basic control measurements occurred always within 30 seconds of the administration of intravenous nitrates and the cessation of angina, and also preceded the electrocardiographic regression of myocardial ischaemia. Donaldson, Taggart, Swanton, Fox, Noble, Rickards These studies have thus shown that the ischaemic zone is activated with delay and that disparate repolarisation times exist within the ischaemic left ventricle (Fig. 9) . The disparity in activation and repolarisation times documented by the pacing evoked endocardial response and monophasic action potential tracings from non-ischaemic and ischaemic myocardial zones is compatible with the requirements for the appearance of re-entry arrhythmias.I" 20 Fractionated electrograms similar to those recorded in two cases by the paced endocardial evoked response (Fig. 7) have been previously noted in epicardial electrograms during ischaemia."l 21 This irregularity in local activation is probably the result of the non-uniform effects of ischaemia on the activation of the myocardium.
Intracavitary recordings may thus provide earlier and more sensitive detection of regional subendocardial ischaemia during cardiac catheterisation or coronary artery surgery. Our initial experiments in dogs6 suggest that the study of the patterns of activation and response could permit the assessment of pharmacological, metabolic, or haemodynamic interventions on the early electrical changes of ischaemia and on the preservation of the ischaemic myocardium. They may bridge the gap between in vitro studies and the electrophysiological studies performed upon the intact heart.
